R
etinal degenerative diseases affect millions of people worldwide and constitute a group of highly heterogeneous diseases. To date, 163 independent loci have been linked to human retinal diseases, and more than half of the disease-associated genes have been identified (http://www. sph.uth.tmc.edu/retnet/disease.htm; RetNet is provided in the public domain by the University of Texas Houston Health Science Center, Houston, TX). Photoreceptors, the specialized cells involved in light detection and phototransduction, represent the main genetic target of several retinopathies, such as retinitis pigmentosa, macular degeneration, Leber congenital amaurosis, and cone-rod dystrophy. [1] [2] [3] [4] In addition, because photoreceptor metabolism and physical integrity are highly dependent on direct interactions with the retinal pigment epithelium (RPE), genetic defects affecting RPE viability or functions can lead to photoreceptors degeneration. 5 During development, the six neuronal and one glial cell types present in the retina are generated in a conserved sequential order. During this process, both extrinsic and intrinsic cues control the number and identity of the generated cell types. 6 -8 Genetic studies have revealed that development of the photoreceptors is in part governed by the combinatorial action of two transcription factors, Crx and Nrl. Crx encodes an Otx-like homeobox protein and is expressed in both cones and rods. 9, 10 Crx directly regulates the transcription of photoreceptor-specific genes such as rhodopsin, cone opsin(s), and arrestin, and genetic ablation of Crx in mice results in abnormal development of photoreceptors and absence of phototransduction. 9 -11 In contrast, Nrl is specifically expressed in rod and not cone photoreceptors and can act synergistically with Crx to regulate the transcription of rhodopsin and other rod genes. 9, [12] [13] [14] Targeted deletion of Nrl in mice results in the complete absence of rods and an enhanced S-cone function, suggesting a functional transformation of rods into S cones. 15 Notably, missense mutations in human NRL have been associated with autosomal dominant retinitis pigmentosa (RP), and mutations in CRX have been associated with cone-rod dystrophy, RP, and Leber congenital amaurosis, highlighting their crucial functions in both normal development and disease. 16 -20 In addition to NRL and CRX, several photoreceptor-and RPE-enriched genes (e.g., rhodopsin) have been associated with retinal and macular degenerative diseases. 4 Several research groups have used molecular methods (such as subtraction cloning and expressed sequence tag [EST] sequencing) and bioinformatics strategies to isolate novel genes that are enriched in photoreceptors and RPE. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Herein, we describe the isolation of novel retina-enriched genes that were identified using a bioinformatics method. Of the 27 ESTs analyzed, 8 are highly enriched in photoreceptors and/or RPE cells, and human orthologues of 4 are located within cytogenetic intervals of uncloned retinal disease loci.
In Situ Hybridization
Linearized plasmid DNA (1 g) was used to produce sense and antisense digoxigenin (DIG)-labeled RNA probes (Roche Diagnostics, Montreal, Quebec, Canada) using either T7 or T3 RNA polymerase (Invitrogen-Gibco) for every EST clone. Riboprobes were purified by ethanol precipitation, resuspended in TE buffer and filtered (ProbeQuant G-50 Micro Column; Amersham Biosciences, Arlington Heights, IL). Adult mice from the albinos CD1 strain (Charles River, St. Constant, Quebec, Canada) were euthanatized in a CO 2 chamber according to local Animal Protection Comity (APC) guidelines. Eyes were enucleated and embedded in optimal cutting temperature compound (OCT, Tissue Tek; Sakura Finetek, Torrance, CA) and snap frozen in liquid nitrogen. Eye sections were cut at 8 m using a cryostat (Leica, Heidelberg, Germany) and air dried on coated glass slides (Super-Frost Plus; Fisher Scientific, Montreal, Quebec, Canada). Human donor retinas were obtained from the eye bank of Maisonneuve-Rosemont Hospital, according to the hospital ethics committee and the Declaration of Helsinki guidelines for the use of human tissue in research. The following steps of the RNA in situ hybridization procedure were performed according to a published protocol. 28 Developed sections were observed by microscope (DMRE; Leica), and data were acquired with a digital camera (Retiga EX; QIMAGING, Canada; with OpenLab, ver. 3.1.1 software; OpenLab, Toronto, Ontario, Canada).
RESULTS
To identify novel transcripts enriched in the retina, we used Digital Differential Display (DDD), a computational method (UniGene; http://www.ncbi.nlm.nih.gov/unigene; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD) that allows comparative analysis of the frequency of individual ESTs among pools of cDNA libraries. This method has been used to isolate novel genes involved in cardiac muscle development in mice. 32 We chose to compare a pool of 303,773 ESTs (pool A) present in non-neuronal libraries (e.g., liver, kidney, lung) with 37,851 ESTs (pool B) present in whole-eye and retinal libraries. Whole-eye libraries were included in pool B to increase the overall number of eye-enriched ESTs. Removal of nonretinal transcripts, specific for the lens, for example, was achieved later by the analysis of the EST content within each cluster. To estimate the validity of the assay, we first analyzed the differential representation of known and abundant eye-specific transcripts, such as for rhodopsin (photoreceptors) and crystallin (high expression in lens). The rhodopsin transcript was present 1 time in pool A (non-neuronal), whereas it was present 1054 times in pool B (eye and retina), and the crystallin ␣1 transcript was absent from pool A, whereas it was present 225 times in pool B. Second, ubiquitous housekeeping transcripts (e.g., the intermediate filament protein vimentin or ␤-actin), were not selected as differentially represented. Third, several genes known to be involved in either mouse eye development or human retinal diseases were selected as highly differentially repre- (Table 1 ). This included the transcription factors Pax6, Chx10, Crx, and Nrl, which are essential for normal retinal development and/or maintenance in both humans and mice. 11, [15] [16] [17] [18] [19] [33] [34] [35] [36] Approximately 70 potentially novel EST sequences were differentially represented at least 20 times more in pool B than in pool A. We analyzed these sequences by BLAST against the mouse and human EST databases. Known gene sequences (published and characterized) or ESTs that were not highly represented in retinal libraries (i.e., Ͻ75% of the total number of ESTs present in one cluster) were excluded from our study. This proportion of 75% was chosen arbitrarily, to eliminate genes that were not truly enriched in the retina, such as genes abundant in the brain, lens, cornea, or eye mesenchyme. This analysis identified 27 potentially novel EST sequences highly represented in the retina (Table 2) .
Expression Pattern Analysis of the 27 Retina-Enriched ESTs
The cDNAs for the 27 selected ESTs were cloned by reverse transcription-polymerase chain reaction (RT-PCR), analyzed by restriction enzyme digestion, and sequenced. Three ESTs were not amplified by RT-PCR, despite numerous attempts (Table 2) . RT-PCR was also used to analyze the gross expression profile of the ESTs at e10.5 (eye and whole embryo minus the eye) and in adult (neural retina and liver). Ten ESTs (c2, c3, c4, c6, c8, c11, c18, c21, c24, and c25) were predominantly expressed in the adult neural retina by RT-PCR (Table 2) . By in situ hybridization on adult mouse eye sections, transcripts for six of these clones were detected abundantly in the outer nuclear layer (ONL) of the retina (containing the cell body of photoreceptors), whereas three additional clones were predominantly expressed in the RPE (Figs. 1A-I ). From the 10 clones enriched in the retina as detected by RT-PCR, only clone 3 displayed a ubiquitous expression pattern in the retina (Table  2) . Additional in situ hybridization results with the remaining clones revealed that three ESTs (c9, c12, and c20) were expressed predominantly in the inner nuclear layer (INL) of the retina (containing amacrine, bipolar, horizontal, and Müller glial cells), whereas another EST (c16) was strongly expressed in ganglion cells (Figs. 1J-M) . The remaining EST clones were either expressed at low levels or showed ubiquitous expression in the retina. As negative and positive controls, we used sense (Fig. 1N) and antisense (Fig. 1O ) probes corresponding to the mouse Pax6 cDNA. As expected, we observed specific expression of Pax6 in amacrine (INL) and ganglion cells. 37 On sequence analysis, clone 25 was found to correspond to the well-known rhodopsin kinase (Rhok) gene. Rhok is specifically expressed in both cone and rod photoreceptors and was used as the positive control for expression in photoreceptors (Fig.  1E) . Corresponding sense riboprobes were used as the negative control for all ESTs that were analyzed by in situ hybridization (not shown).
Detailed expression analysis of the photoreceptors/RPEenriched transcripts revealed that clone 6 was highly and preferentially expressed in the photoreceptors (Fig. 1A) , whereas clones 4, 8, 11, 14, and 24 were also expressed in the inner nuclear layer. Clones 4, 6, and 11, and to a lesser extent clone 8, also showed expression in photoreceptor inner segments. Clones 2, 4, 8, and 18 also were expressed in the RPE (Fig. 1) . 
DDD Results
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Individual EST sequences were amplified by RT-PCR on RNA samples from e10.5 mouse optic vesicle (ov), whole e10.5 embryo minus the optic vesicle (ovϪ), adult (ad) liver and retina. The retinal expression pattern is based on RNA in situ hybridization performed on adult mouse eye sections.
* Rhodopsin kinase (Rhok). RPE, retinal pigment epithelium; PR, photoreceptor; IS, inner segment; OS, outer segment; INL, inner nuclear layer; GC, ganglion cells; HC, horizontal cells; and N/A, not available.
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Expression of Photoreceptors and RPE Enriched Transcripts in Nrl Mutant Retina
The outer nuclear layer contains both rod and cone (S and M types) photoreceptors. In the Nrl knockout mice (Nrl Ϫ/Ϫ ), functionally and morphologically distinct rods were not present; instead, there was an increase in the S-cones. 15 This apparent functional transformation of rods into S-cones resulted in a reduction in rod-enriched transcripts and an increase in cone-specific transcripts. To investigate whether our photoreceptor-enriched ESTs are expressed predominantly in rods or cones (or both), we compared their expression levels by quantitative real-time PCR (qRT-PCR) using the retinal RNA from the wild-type and Nrl knockout mice (Table 2) . We hypothesize that some of the genes showing lower expression levels in Nrl Ϫ/Ϫ retina are associated with rod function. However, many genes showing altered expression could reflect secondary changes due to the loss of Nrl function and/or remodeling of retinal organization in the Nrl Ϫ/Ϫ retina. Of the nine EST sequences examined, only one (c11) showed a high increase in expression levels in the Nrl Ϫ/Ϫ retina, whereas expression levels of six ESTs were reduced in the Nrl Ϫ/Ϫ retina. Notably, clones 6 and 24 displayed a seven-to eightfold reduction in their expression in the Nrl Ϫ/Ϫ retina ( Table 2) .
Identification of Human Orthologues and Candidate Retinal Disease Genes
To investigate whether the ONL/RPE-enriched ESTs we identified were candidate genes for a human retinal disease, we used the public human EST database to find putative human orthologues. The human orthologues for six mouse ESTs and their location on human chromosomes were readily identified by this analysis. For two remaining clones that had no identifiable human gene/EST orthologue (c14 and c24), we searched the human genome sequence database by BLAST for significant homology using the mouse EST sequences. To enhance the odds of identifying human genomic intervals for all ESTs we searched for cDNA homology against the mouse genome and used both 5Ј and 3Ј flanking mouse genomic regions (ϳ40 kb) for BLAST search against the human genome. This resulted in a highly significant match at 8p22-p23 for clone 14 and in possible match at 2p13 for clone 24. Mapping of the putative human orthologue of clone 24 at 2p13 was further confirmed by mouse-human chromosome synteny analysis using the Celera Discovery System (http://www.celeradiscoverysystem. com; Celera, Rockville, MD). In mice, clone 24 is located on chromosome 6 at position 82,685 M, close to Amsh at 82,524 M, and human AMSH is located at 2p12. We succeeded in the identification and mapping of a corresponding human orthologue for the eight photoreceptors/ RPE-enriched genes. Four of them were located within cytogenetic intervals for uncloned retinal disease genes (Table 3) , whereas two mapped at loci for already cloned disease genes (clone 4 at 13q34 and clone 18 at 19q13.3) and two at a cytogenetic interval where there is no linked retinal disease (clone 14 at 8p22-8p23 and clone 2 at 9q22). The four candidate disease genes we found are: clone 6 (Homo sapiens; AW964851) at 16p12.1 for recessive RP (RP22), clone 8 (Homo sapiens; BG699018) at 3p11-p12 for recessive BardetBiedl syndrome (BBS3), clone 11 (Homo sapiens; AL627109) at 1q32.1-32.2 for recessive ataxia with RP (AXPC1) and clone 24 (Homo sapiens; Hs2_22340) at 2p13 for recessive RP (RP28). 38 -41 We also attempted to identify and map the human orthologues for the remaining ESTs showing specific expression in the retina (Figs. 1J-M) but not enriched in photoreceptors (i.e., c9, c12, c16, and c20). Orthologous human genes for clone 9 and 12 could not be identified. However, clone 16 human orthologue (Homo sapiens; Q15825) mapped at Nonradioactive RNA in situ hybridization on albino adult mouse eye sections showed that six ESTs are abundantly expressed in the cellular layer that contains photoreceptors (A-F). In addition, three ESTs (G-I) are enriched in the RPE (arrowhead) and in photoreceptors (H). Some of the retina-enriched genes are specific for cell types other than photoreceptors (J-M). Pax6 sense (N) and antisense (O) probes were used as negative and positive controls, respectively. RPE, retinal pigment epithelium; OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner nuclear layer; GC, ganglion cell layer. 8p11.1 in the cytogenetic interval for recessive cone-rod dystrophy (CORD9) (http://www.sph.uth.tmc.edu/retnet/disease. htm; RetNet). Clone 16 codes for a nicotinic and cholinergic ␣-receptor (Cntnap2) protein but represents an unlikely candidate disease gene for CORD9, due to its predominant expression in ganglion cells. Clone 20 codes for a contactin associated protein-like 2 (Cntnap2) and its human orthologue (Homo sapiens; Q9UHC6) maps at 7q35-q36, where there are no linked retinal diseases.
To test the hypothesis that these human transcripts are true orthologues of the identified mouse ESTs, we analyzed the expression of the human orthologue of clone 6 (AW964851) in the mature human retina. By in situ hybridization on human retinal sections, we observed strong expression of AW964851 in the cell body of photoreceptors (ONL) and in the photoreceptors inner segment (Figs. 2A, 2B) . This is very similar to the in situ hybridization results obtained with clone 6 on retinal sections from adult mice (Fig. 1A) .
Comparative Analysis with Previous Studies
Several groups have reported on the identification and mapping of ESTs enriched for expression in the retina. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] We retrospectively compared our results with those of all these previous studies to evaluate whether the four genes we herein identified represent true novel candidate retinal disease genes (Table 3) . Globally, only one of the candidate retinal disease gene presented herein (clone 11) was identified in a previously published study. 28 Thus, the human orthologues of the three remaining ESTs identified here represent true novel candidate retinal disease genes at three independent loci (Table 3) .
DISCUSSION
Using the DDD method, we identified yet uncharacterized ESTs that are enriched in retina/eye cDNA libraries. Of these, 12 ESTs demonstrate a cell-type-specific mRNA distribution within the retina, with eight showing predominant expression in photoreceptors and/or RPE. Human orthologues for four photoreceptors/RPE-enriched ESTs mapped within distinct cytogenetic intervals containing uncloned retinal disease genes.
Gene-Expression Pattern and Diseases Phenotype
Retinitis pigmentosa (RP) is primarily characterized by night blindness, constriction of visual field, and retinal dystrophy, without symptoms outside the visual system. Consequently, expression of most cloned RP genes is in fact highly enriched in photoreceptors, although there are some notable exceptions (e.g., RPGR for X-linked RP). 4, 42 The two candidate disease genes for RP22 and RP28 that we identified were found to be expressed almost uniquely in the retina and were highly enriched in photoreceptors (Fig. 1) . In addition, these two clones show the most altered expression levels in the Nrl Ϫ/Ϫ retina. This is noteworthy, because NRL mutations have been linked to dominant RP in humans. 19 We also showed that the putative human orthologue of clone 6 is highly expressed in human photoreceptors, supporting the hypothesis that this represents a true orthologue. Therefore, these two genes fulfill all criteria to be considered valid candidate genes for RP22 and RP28.
In this study, we identified a candidate disease gene (clone 11) for posterior column ataxia with retinitis pigmentosa (AXPC1). AXPC1 is characterized by visual impairment, proprioceptive loss, sensory ataxia, and areflexia. 41 Based on this phenotype, one can predict predominant gene expression in photoreceptors, muscle spindles, and/or Ia afferent sensory fibers of the dorsal root ganglia and cerebellum. Analysis of the UniGene cluster for clone 11 showed that its expression extends outside the retina in organs such as brain, olfactory mucosa, and skin, making clone 11 a good candidate disease gene for AXPC1.
We identified a candidate disease gene (clone 8) for recessive Bardet-Biedl syndrome (BBS3) at 3p11-p12. BBS3 is a rare, multisystemic autosomal recessive disease characterized by retinal dystrophy, renal abnormalities, obesity, dysmorphic extremities, and hypogenitalism in males. 38 The gross expression pattern of clone 8 suggests predominant expression in the ESTs from UniGene clusters were BLAST against the human EST, NR or genome databases to identify human orthologues. Genes enriched in photoreceptors, and/or in the RPE and which the human orthologues map to a retinal disease loci for which the gene has not been cloned are showed. rp, retinitis pigmentosa. 
Predicted Cellular and Molecular Function of the Identified Candidate Retinal Disease Genes
We identified four candidate retinal disease genes at four independent loci. Using the predicted translational product of these transcripts and BLAST, we compared the amino-acid sequence of these putative proteins with the public protein databases (NCBI). Of these four genes, two encode protein motifs showing homology with known proteins (Table 3) . Clone 6 human orthologue (Homo sapiens; AW964851) encodes for a putative protein with a central TLC homology domain containing five transmembrane ␣-helices (GenBank accession no. NP_113666). Overall, the predicted translation product of this gene is very well conserved in vertebrates, showing ϳ94% amino-acid identity with the mouse (Mus musculus; XP_133706) and ϳ70% amino-acid identity with zebrafish (Danio rerio; AAH59567). We also found a putative protein in Drosophila (Drosophila melanogaster; AF181646) that shows ϳ34% identity with human NP_113666. A sequence comparison with other proteins revealed that NP_113666 possesses ϳ49% identity and ϳ67% similarity with CT120 and ϳ28% identity and ϳ50% similarity with CLN8. CT120 encodes a membrane-associated protein that is conserved in different organisms, including plants, and it appears to be involved in amino-acid transport and glutathione metabolism. 43 CLN8 encodes a transmembrane protein and is the gene mutated in the mouse mutant motor neuron (mnd) degeneration and in humans with the autosomal recessive disorder progressive epilepsy with mental retardation (EPMR; Mendelian Inheritance in Man [MIM] 600143). 44 These diseases are part of the neuronal ceroid lipofuscinoses, a group of neurodegenerative disorders characterized by the accumulation of autofluorescent lipopigment in various tissues. Notably, mnd mice display photoreceptors degeneration whereas another lipofuscinoses-related gene, CLN3, is the mutated gene in Batten-disease, a degenerative disorder characterized by earlyonset retinal pigmentary degeneration and later mental deterioration. 45, 46 Coincidentally, the CLN3 gene is located at 16p11.2, thus relatively close to AW964851 at 16p12.1 (http:// www.sph.uth.tmc.edu/retnet/disease.htm; RetNet). The other candidate disease gene we identified and which displays homology with known genes is clone 8. Clone 8 is weakly homologous (52% of homology) to nectin-like 1 (necl-1). Necl are a recently characterized group of proteins that share structural similarities with nectins. Nectins are a family of Ca 2ϩ -independent immunoglobulin-like cell-cell adhesion molecules involved in the formation of cadherin-based adherens junctions. 47 In turn, Necls heterophilically interact with nectins to regulate cell polarization and migration. Thus, clone 8 could be involved in cell-cell interactions between the RPE and photoreceptors to either stabilize or organize adherens junctions.
In conclusion, the gene discovery method we used complements the large genomic scale analysis (e.g., SAGE or microarrays) and is efficient for small-scale hypothesis-driven studies. The use of UniGene EST database and the DDD software therefore represents a rapid, inexpensive, and efficient method for identifying novel tissue-specific transcripts relevant to normal development and diseases.
